The effect of changing the DNA concentration on RNA synthesis, protein synthesis, and cell growth rate was studied in Escherichia coli B/r. The DNA concentration was varied by changing the replication velocity or by changing replication initiation in a thymine-requiring strain with a mutation in replication control. The results demonstrate that changes in DNA concentration (per mass) have no Is the rate of transcription initiation in bacteria limited by the concentration of DNA or by the concentration of functional RNA polymerase? Furthermore, is the rate-limiting step the binding of RNA polymerase to the promoter or the formation of an active initiation complex? These questions are important for a quantitative understanding of bacterial gene expression, especially for the class of genes that are constitutively expressed. The growth rate-dependent variation in the expression of such genes has been called "metabolic regulation" (35).
Is the rate of transcription initiation in bacteria limited by the concentration of DNA or by the concentration of functional RNA polymerase? Furthermore, is the rate-limiting step the binding of RNA polymerase to the promoter or the formation of an active initiation complex? These questions are important for a quantitative understanding of bacterial gene expression, especially for the class of genes that are constitutively expressed. The growth rate-dependent variation in the expression of such genes has been called "metabolic regulation" (35) .
It has been argued that such regulation results wholly, or in part, from a limitation by the DNA concentration (9, 16, 27) or, alternatively, by functional RNA polymerase (3, 6, 32) . The question has eluded experimental solution because of the difficulty in manipulating the two parameters in vivo without changing additional parameters that affect transcription (see below).
We have previously studied the properties of a mutant of Escherichia coli B/r, strain TJK16, which has a lower DNA concentration than its wild-type parent due to a mutationally altered control of initiation of chromosome replication (10, 12) . TJK16 is auxotrophic for thymine, and its DNA concentration can be further lowered by growing it at low thymine concentrations (12) . Therefore, this strain is useful for studying the effects of varying DNA concentration on the rate of in vivo transcription. The results suggest that in both B/r and TJK16, DNA is transcribed under conditions of DNA excess; i.e., transcription is limited by the concentration of active RNA polymerase rather than by DNA. In E. coli only 20 to 30% of the total RNA polymerase enzyme is actively engaged in transcription (RNA chain elongation) at any given time, whereas 70 to 80% of the RNA polymerase appears to be inactive (39) . Since the results here indicate that DNA is not limiting the rate of transcription, the inactivity of RNA polymerase must be caused by other factors rather than a low DNA concentration.
washed with tap water, dried, and placed in glass vials. After hydrolysis with 2.0 ml of 0.2 N NaOH at 23°C for 20 h, 0.5 ml of the hydrolysate was removed for estimation of the protein content by a modification of the method of Lowry et al. (7, 28) . The protein assays were incubated for 20 h at 23°C. Under these conditions an absorbancy at 750 nm/OD40 ratio of 1 corresponds to 9 .1 x 1017 amino acids per OD460 unit of culture (calibration with bovine serum albumin). For RNA, the remaining alkaline hydrolysate (after removal of the sample for estimation of protein) was treated with an equal volume of ice-cold 0.5 M perchloric acid to precipitate protein and DNA Determination of 3-galactosidase activity. Enzyme activity in fully induced cultures was determined by using standard methods (15) , except the reaction was carried out at 23°C for 30 min.
Determination of the fractional rate of stable RNA synthesis. Samples (0.5 ml) of culture were removed and labeled with 5 ,ul of [5-3H] uridine (Schwarz/Mann; 2.5 .Ci/5 ,ul, 21 Ci/mmol) for 1 min. The pulse was terminated by the addition of lysing medium (5), and the sample was immediately placed in a boiling water bath for 1 min. The fraction of label in rRNA was determined by hybridization to A ilv5, which carries an rRNA gene (13) . Phage DNA was prepared after induction of NF955 by the method of Miller (31) Determination of RNA polymerase. Determination of RNA polymerase was as described previously (39) from the amount of , and 1B' RNA polymerase subunit protein found after sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
RESULTS
Two ways of changing the DNA concentration.
The strain TJK16 is a derivative of E. coli B/r which, in addition to the thyA deoB markers conferring a low-thymine requirement, has a third mutation which increases its "initiation mass" (10, 12) . Since TJK16 has a greater cell mass per replication origin, it has less DNA per mass, i.e., a lower DNA concentration, in comparison with the B/r parent at any growth rate (Fig. la) . At high thymine concentration (>10 p,g/ml), the DNA chain elongation in this strain is indistinguishable from that in the parent strain [17, 41] and 3% mRNA [26, 33] ), and that a 70S ribosome contains 6,300 amino acid residues in protein and 4,720 nucleotide residues in rRNA.
(11), i.e., the thyA deoB mutations have no effect. This implies (14) that at high thymine levels the distribution of replication forks on the chromosome and the relative gene dosages (number of gene copies per genome equivalent of DNA) are the same in B/r and TJK16. Only the effects of the initiation mutation are then apparent under these conditions, i.e., the concentration of all genes in TJK16 is reduced by the same factor. In a "step-up" experiment the velocity of replication forks is increased by increasing the concentration of thymine in the medium from an initial low concentration (34) . This changes the distribution of replication forks over the chromosome, i.e., the chromosomes become less branched because rounds of replication are completed faster. As a result, genes far from the replication origin increase in concentration, but genes near the origin do not (2, 9) . The concentration of DNA in bacteria is also a function of growth rate (9, 21) ; in E. coli B/r and in the Thy-initiation mutant TJK16, the DNA concentration decreases with growth rate (observed above 0.6 doublings per h) and reaches a minimum level above 1.5 doublings per h ( (12) , intracellular concentrations of DNA are estimated to vary between 5 and 25 mg/ml depending on the growth rate and replication velocity (Fig. la) .
RNA polymerase concentration and activity.
The amount of RNA polymerase 1B and I' subunit protein was determined for E. coli B/r and TJK16 growing in glucose-amino acids medium at high and low thymine concentration ( Table 2 ). Assuming that each subunit was part of a complete polymerase core enzyme, the fractional rate of accumulation of RNA polymerase, aop,, The observation that RNA polymerase synthesis was independent of DNA concentration is important for models of RNA polymerase gene (rpoBC) control; it means that either the concentration of the presumed control factor (37) is in great excess over its binding sites on the DNA (see below), or the activity of this factor itself is controlled.
RNA concentrmtion and stable RNA synthesis. The concentration of RNA (amount of total RNA per OD4w unit) increased with growth rate in both strains; at a given growth rate, the RNA concentrations were not significantly different in B/r and TJK16 (Fig. lb) . Most (-97%) of the bacterial RNA is stable (26, 33) ; under conditions of exponential growth and for doubling times of less than 60 min, this stable RNA is 86% rRNA and 14% tRNA (17, 41) . Thus, at a given growth rate, the rates of rRNA and tRNA synthesis per OD40 unit were independent of DNA concentration. However, the synthesis rates per gene did depend on DNA concentration: in TJK16, with all genes (including rRNA genes) at lower concentrations as compared with B/r, the transcription per gene was correspondingly higher (Fig. 2) . The transcription of rRNA genes was also a strong function of growth rate, increasing from 3 to 30 (B/r) or 12 to 50 (TJK16) transcriptions per rRNA gene per min over a two-to threefold range in growth rate (Fig. 2) .
Ribosome synthesis and function. lc) and in TJK16, both at high and at low levels of exogenous thymine (Fig. lc) . This means that ribosome synthesis and function are independent of DNA replication, at least within the limits represented by wild-type B/r and the replication mutant TJK16. mRNA synthesis. The relative proportions of stable and mRNA synthesis were the same in B/r and TJK16 (Table 3) Fig. lb and a; 0.83 is the fraction of total RNA that is rRNA, assuming 14% tRNA (17, 41) and 3% mRNA (26, 33) ; r is the doubling time] and from the number and map locations of the seven rRNA genes (19) , using the formula for the relative gene dosage from reference 2 and from the number of nucleotides per ribosome (4,720). measuring the relative concentration of lac genes. The synthesis of lac mRNA was determined indirectly from the synthesis of total mRNA and from the synthesis of P-galactosidase enzyme (see below). The results depended on the kind of experimental condition that was used to change the DNA concentration, i.e., whether it was due to a change in replication velocity or due to a change in replication initiation. These two conditions are examined separately below.
(i) Gene activities during a step-up. A replication velocity step-up was found to have no effect on the rate of synthesis (per mass) of stable RNA (Fig. 3b) , bulk mRNA (Fig. 4b) , and protein (Fig. 3b) . Constitutive ,B-galactosidase synthesis per mass increased by 40%, compared with the control culture (Fig. 4a) , in agreement with previous observations (9) . Since the synthesis per OD40 unit of 3-galactosidase is essentially the fractional rate of lacZ transcription per total mRNA transcription, the apparent increase in lac expression per OD460 unit actually stemmed from a constant rate of transcription per lac gene and an increased number of lac genes per mass (see below) ( Table 4) .
Since the genes for rRNA are clustered near the origin of chromosome replication (1) , and since a step-up does not affect replication of the origin (4, 34), the concentration of rRNA genes and the rate of rRNA synthesis per rRNA gene remain unaltered by the step-up ( Fig. 2 ; the curve for TJK16 is valid for any thymine concentration). Thus, changes in DNA concentration brought about by changes in replication velocity affect neither rRNA nor constitutive lac gene activities (Table 4) .
(Bi) Gene activities after a change in replication initiation. In 30% higher in the mutant. A different extent of catabolite repression in the two strains was not involved; the ratio of the rates (not the absolute rate) was independent of the presence of 0.01 M exogenous cyclic AMP (data not shown), shown in previous work (15) to be in excess of the amount necessary to maximally reduce catabolite repression. Thus, lac gene transcription increases when the concentration of all genes is reduced proportionately. Clearly, DNA concen- Fig. 1. (0) , ,B-galactosidase per OD4w unit, each point represents the ratio of the P-galactosidase concentrations obtained from two identical cultures, B/r and TJK16, maximally induced for 3-galactosidase. (---), lac mRNA per gene, the ratio lac gene activity in TJK16/lac gene activity in B/r corresponds to the ratio of the lower two curves (see text).
the DNA concentration is reduced in comparison to its wild-type parental strain without concomitant changes in growth rate or in replication fork patterns (12) . This mutant is thus ideally suited to study the effects of altered DNA concentration on the rate of transcription. The data in Table 4 demonstrate that total RNA synthesis in E. coli per unit mass is not affected by a reduction in DNA concentration; we conclude that transcription in E. coli is not limited by the concentration of DNA (i.e., by the availability of free promoters). Under such conditions, free functional RNA polymerase would be increased by a decrease in total DNA. The concentration of free RNA polymerase can be monitored by the transcription of constitutive genes; the expression of maximally induced lacZ genes observed here at different DNA concentrations qualitatively agreed with this expectation and thus reinforced the conclusion that transcription in E. coli is limited by the concentration of active RNA polymerase rather than by DNA.
This conclusion apparently contradicts the results obtained by Seeburg et al., using an in vitro transcription system with purified E. coli RNA polymerase and defined DNA fragments of phage fd containing only one promoter, these workers observed that 20 s to 3 min (half time) was required for formation of an active initiation complex after the initial RNA polymerase binding (38) . Using these data, Maal9Se estimated that a concentration of two to three free RNA polymerase molecules per cell would suffice to saturate the bacterial promoters with polymerase; at higher enzyme concentrations, the rate of formation of the active RNA chain initiation complex would be rate limiting (30 (29) , changes in DNA concentration would affect RNA synthesis indirectly. This reflects the effects of DNA replication on these reference units, i.e., on DNA and cell number, rather than effects on RNA synthesis. Such units must be avoided in a consideration of general transcriptional regulation.
RNA polymerase activity. In the condition of DNA excess, free polymerase should be a small fraction of total enzyme, and the major portion of the enzyme should be engaged in transcription. By quantitating RNA polymerase subunits in DNA-free minicells, Shepherd (Ph.D. thesis, The University of Texas at Dallas, 1980) found that the concentration of cytoplasmic RNA polymerase was indeed a small fraction of the total enzyme. Yet only 20 to 30% of all RNA polymerase in E. coli B/r is active in transcription at any given time (39) . If RNA synthesis is not limited by DNA, the inactivity of a large proportion of bacterial RNA polymerase must have other reasons than a low DNA concentration. It is conceivable that the RNA polymerase activity is limited by the availability of sigma factor. The molar amount of sigma per cell is about 30% of that of core enzyme (24, 25) . However, since sigma factor is only required for RNA chain initiation and is released from the transcription complex immediately after initiation (8), it is not obvious why a sigma/core ratio of 0.3 should not be sufficient to activate all RNA polymerase, i.e., the ratio of free sigma to free core enzyme is presumably much greater than 1. Another indication that factors other than DNA concentration may limit the RNA polymerase activity is the observation that the RNA polymerase activity rapidly responds to changes in the intracellular level of guanosine tetraphosphate (36) .
Kawakami et al. (25) observed that up to 100% of the total E. coli RNA polymerase could be recovered as nucleoid-bound enzyme when the nucleoids were prepared from exponential bacteria at a KCl concentration of 0.2 M; this fraction decreased during the transitional period between exponential growth and the stationary phase. The fact that enzyme was DNA bound in vitro does not necessarily mean that it is also bound in vivo, where ionic conditions are different. Even if most polymerase enzyme were DNA bound in vivo, which would be consistent with the minicell data, this would not mean that the enzyme must be actively engaged in transcription. Thus, the data of Kawakami et al. are not inconsistent with a low polymerase activity of 20 to 30%.
Expression of individual genes after changes in DNA concentration. If the expression of specific genes is considered rather than total RNA synthesis, changes in DNA concentration can be expected to produce more subtle effects since it then becomes important to consider the location of the gene on the chromosome with respect to the origin of replication and the particular manner by which the DNA concentration was changed; changes in DNA replication velocity alter relative gene dosages, depending on the gene location, whereas changes in replication initiation have no such effect. Further, mass action, just as it predicts changes in free RNA polymerase as a result of changes in DNA concentration, also predicts changes in the concentration of free positive or negative control factors that bind to DNA. These effects, as they are relevant for the interpretation of the data obtained here, will be discussed below.
The strain TJK16 has all genes in a lower concentration than its wild-type B/r parent, and since the rate of total transcription per OD40 unit is the same in TJK16 as in B/r (Table 4) , the genes producing the bulk of stable RNA and mRNA must be more active in TJK16 than in B/ r. This is interpreted as a reflection of the increase in the concentration of free (cytoplasmic) RNA polymerase (3) due to the decreased DNA concentration. The fact that the relative proportions of rRNA and mRNA synthesis were not affected by changes in DNA concentration (Table 3) suggests that any differences in individual gene activities do not reflect a guanosine tetraphosphate-dependent control of RNA polymerase conformation (40) .
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